Validated real-time PCRs detecting leptospires for veterinary purposes are not readily available. This paper describes the prospective evaluation of a SYBR Green-based real-time PCR on serum samples collected from experimentally infected dogs. Compared to culturing, the assay had a diagnostic sensitivity and specificity of 91.7% and 90.0%, respectively. Culturing for part is complementary to PCR and preferably both should be applied for diagnosis and vaccine challenge experiments. In a subsequent prospective study on the dynamics of experimental infections with serovars Canicola and Copenhageni and serovar complex Bananal-Liangguang in young and adult dogs, the PCR was applied on serum samples in conjunction with culturing on blood, urine and kidney samples with the following results: 1) Leptospires persisted longer in the blood of young dogs than of adult ones; 2) Numbers of viable leptospires in the blood are rapidly reduced but DNA remains occasionally detectable up to 7 days post infection; 3) Appearance of viable leptospires in the urine follows a biphasic dynamics; 4) EDTA hampers effective culturing from blood samples; 5) Serovar Canicola persists longer in the blood of dogs than Copenhageni and Bananal-Liangguang. Together with a markedly higher recovery rate from kidney samples (71% compared to respectively 33% and 0% in young dogs) this probably reflects the adaptation power of Canicola to its canine maintenance host. Appearance of leptospires in the urine samples indicates that experimental infections have been successful. PCR presents a valuable adjunct to the diagnosis of veterinary leptospirosis and the follow-up in vaccine protection experiments.
Introduction
Leptospires are spirochetes of the genus Leptospira that are categorized into three groups comprising saprophytic, intermediate, and pathogenic species. Pathogenic leptospires are the causative agent of leptospirosis, which is a worldwide zoonotic disease with a significant impact on both public and veterinary health. The pathogen is maintained in the renal tubules and genital tract of many domestic and wild mammalian species [1] . Notably small mammals are considered as main maintenance hosts. The maintenance host excretes the pathogen with the urine into the environment where leptospires can survive up to several months depending on favourable humid and warm conditions [2] . Accidental hosts acquire the infection via broken skin or mucous membrane by direct contact with infected urine or indirect contact through contaminated soil, food or water [3, 4] . The serovar is the basic taxon of Leptospira, characterized by serological criteria determined by the Cross Agglutinin Absorption Test (CAAT). To date, about 250 pathogenic serovars have been identified [4] [5] [6] [7] . At present leptospirosis is considered a globally re-emerging disease with frequent outbreaks on all continents, often but not exclusively due to disasters [8] [9] [10] and sporting events [11, 12] .
Leptospirosis is a protean disease in humans and animals that is often not recognized or confused with other diseases. Leptospirosis in animals shows a variety of clinical signs and symptoms much similar to humans, albeit that details may differ between different animal species. Leptospirosis in pigs is mainly associated with reproductive failure. Disease severity in cattle might depend on the infecting serovar, the vaccination status, and the age. Adult cattle with a recent infection with serovar Hardjo may show transient effects such as abnormal milk production but abortion and stillbirth might occur in chronic infections [13] . Acute leptospirosis might be se-vere in calves. Typically calves show fever, anorexia, dyspnea, icterus, hemoglobinuria, and haemolytic anemia. In dogs serovars Canicola and Icterohaemorrhagiae/Copenhageni are the typical causative serovars, although several additional serovars, including Grippotyphosa, have been implicated [1, 14, 15] . The incubation period of the disease can be a few days. As with cattle, the severity of clinical signs is influenced by age, vaccination status, the inherent virulence of a particular serovar and the route and degree of exposure. In peracute to subacute disease, dogs may die without clinical signs. Early clinical signs may include fever, accompanied by shivering, generalized muscle tenderness and reluctance to move. The clinical signs of acute renal failure include polyuria, polydipsia, dehydration, vomiting, diarrhea, inappetence, lethargy, abdominal pain or some combination of these signs. Oliguria or anuria also may occur. Other reported manifestations of infection include conjunctivitis, uveitis and tachypnea or dyspnea because of acute respiratory distress syndrome or leptospiral pulmonary hemorrhage syndrome (LPHS). Icterus may present with other signs of hepatic failure [16] . For laboratory confirmation, the microscopic agglutination test (MAT) is the standard diagnostic test detecting agglutinating anti-Leptospira antibodies as a sign of infection. MAT can be applied on serum samples from virtually all mammalian species. While serology is a suitable test to detect acute infection, culturing from urine samples is more appropriate for chronic infections in which serology often is negative or inconclusive [17] . However, whereas isolation of leptospires provides proof of infection, culturing may take months and is too slow to assess a current situation. This bottleneck also hampers potency testing of vaccines in animals, where sterilizing immunity is mostly recorded by a reduced circulation of leptospires in the blood and the absence of colonization of kidneys. The polymerase chain reaction (PCR) is a valuable adjunct to the detection of leptospires in suspected patients or chronic carriers [18] [19] [20] [21] [22] . To date, three real-time PCR schemes have been well validated for the use in the diagnosis of human leptospirosis [21, 23] . However, their value for animal investigations has not been assessed. One of these realtime PCRs uses the SYBR Green chemistry and targets the secY gene [21] . This PCR has a particular advantage in that the secY gene is highly discriminative in phylogenetic characterization providing an excellent target for molecular epidemiological investigations [24] . In a previous paper, we described the diagnostic accuracy of this real-time PCR on clinical samples from human patients using both MAT and culture as reference [21] . In this paper we investigate the applicability of this realtime PCR to follow up experimental infections in dogs, using culture as the reference test to define infection. Subsequently, both PCR and culture were applied on blood and urine samples from groups of young and adult dogs experimentally infected with serovars Copenhageni, Canicola and Bananal-Liangguang 11808 to investigate infection dynamics.
Materials and Methods

Strains and Culturing
Strains used are Leptospira interrogans, serovar Copenhageni (serogroup Icterohaemorrhagiae), strain CF1 and serovar Canicola (serogroup Canicola), strain Moulton, and L. kirschneri, serovar complex Bananal/Liangguang (serogroup Grippotyphosa), in this paper denoted as SvC Bananal-Liangguang, strain 11808 from the collection of MSD Animal Health, Boxmeer, The Netherlands. Culturing was performed in liquid Ellinghausen-McCullough-Johnson-Harris (EMJH) medium as described previously [25] . Standard procedures were followed for inoculation of EMJH culture medium with canine specimens [2] .
The Study Design
Experimental infection and culturing was performed at MSD Animal Health, Boxmeer. 200 µl portions of coded, double blinded serum samples were sent to the WHO/ FAO/OIE and National Leptospirosis Centre (NRL), KIT Biomedical Research, Amsterdam, The Netherlands for prospective testing by real-time PCR. Thus, testing of samples by culture and by real-time PCR was done independently by two distinct groups of experienced staff at MSD Animal Health and at NRL without prior knowledge of results obtained at the partner. Unless otherwise stated, for determination of the clinical sensitivity and specificity of the real-time PCR as index test, culturing was used as the reference standard to define an infection. 1) Experimental infections. For all dogs the challenge route was intraperitoneal injection (2 ml) and conjunctival instillation (0.25 ml into ventral conjunctival sac of each eye). Dogs included in this study were healthy and free of anti-Leptospira antibodies that might affect the outcome of the experiments. The bacterial cell counts (total direct microscopic count) in the several challenge materials were as follows: strain CF1, 1.0 × 10 9 cells per ml; strain Moulton, 5.0 × 10 8 (study A) or 1.0 × 10 9 (study B) cells per ml; strain 11808, 1.0 × 10 9 cells per ml. One ml blood and 5 ml urine samples were taken by intravenous puncturing and sterile puncturing of the bladder, respectively. Ethical clearance for these experiments was obtained from the Animal Experiment Ethical Committee, Nijmegen, The Netherlands.
2) Clinical Samples. Blood and sera from experimentally infected dogs were investigated in two separate ex-periments. The first experiment, referred to as study A, was used to validate the real-time PCR against culturing as the reference test. Study A comprised two groups of eight young dogs (13 weeks) each, infected with either serovar Copenhageni, strain CF1, or serovar Canicola, strain Moulton ( Table 1) . Heparin blood was collected for culturing and serum for real-time PCR on day "0" prior to inoculation and subsequently on days post infection (DPI) 3, 7, 14 and 21. On DPI 10 three dogs died, all infected with Canicola. For the determination of the diagnostic accuracy of the PCR, the validation scheme for diagnostic PCR as described by the World Organization for Animal Health was followed [5] .
The second experiment, referred to as study B, comprised three groups of young dogs (13 weeks), experimentally infected with either serovar Copenhageni, strain CF1 (seven dogs), or with serovar Canicola, strain Moulton (eight dogs), or with SvC Bananal-Liangguang, strain 11808 (eight dogs). One dog in the Canicola-infected group died on DPI 14. Furthermore this experiment comprised two groups of 9 adult dogs (14 months), experimentally infected with either strain CF1 or strain Moulton ( Table 2) . EDTA-blood was collected on DPI 0, 1, 2, 3, 4, 7, 10, 14, and 21 for culturing. Serum samples from DPI 0, 3, and 7 were analyzed by the real-time PCR. Culturing also included urine samples collected at DPI 0, 3, 7, 14, 21 and 28 and kidney samples collected upon euthanization of the animals at DPI 28.
DNA Extraction
Leptospira DNA was extracted from 200 µl serum samples, purified, and eluted in 0.1xTE buffer pH 8.0 according to the instructions of the QIAamp DNA extraction kit (Qiagen, GmbH, D-40724 Hilden, Germany).
Real-Time PCR
SYBR Green real-time PCR was applied in this study as described previously [21] . We further refer to this realtime PCR in the text as "PCR". PCR was performed in triplicate. Two or three positive reactions in the triplicate were scored as positive. When one out of three reactions was positive, the test was repeated in triplicate. One or more positive reactions in the repeated triplicate were included as positive results [21] . The bacterial DNA load was calculated with a standard curve of L. interrogans DNA using 10-fold dilution as described in our previous study [21] . 
DPI is Days post infection; DPI 0 refers to sampling prior to experimental infection. ND: indicates not done. †indicates death on day 10. Co is experimentally infected with serovar Copenhageni, strain CF1. Ca is experimentally infected with serovar Canicola, strain Moulton. 
Statistics
Results were placed in two-by-two tables to calculate sensitivity, specificity and predictive values. Sensitivity was calculated as the number of true positive results divided by the sum of true positive and false negative results. Specificity was calculated as the number of true negative results divided by the sum of true negative and false positive results. Chi square test was performed to determine significance, as defined by a p value ≤ 0.05.
Results and Discussion
Diagnostic Accuracy of the Real-Time PCR (Study A)
In contrast to real-time PCRs for human diagnosis, validated real-time PCRs for veterinary use are scarcely available [26] . We determined the veterinary applicability of a SYBR Green-based PCR previously validated on human samples [21] using serum samples from dogs experimentally infected with either serovar Copenhageni or Canicola.
Concomitant heparinized blood samples were tested for growth of leptospires in a separate experiment and results of these prospective experiments were compared ( Table 1) . All cultures and PCRs on serum samples collected after DPI 7 were negative, indicating the rapid reduction of the number of leptospires in the blood beyond the detection thresholds of both tests. To obtain a meaningful impression of the performance of both culture and PCR, taking the dynamics of bacteraemia into account, we calculated sensitivity (SeI) and specificity (SpI) on results of DPI 0 (no infection) and DPI 3 (infection), using experimental infection as the reference standard. PCR had a SeI of 75% (12/16) and culture had a SeI of 81.3% (13/16). The overall SeI of the two tests together is 87.5% (14/16). It should be noted that the relatively low SeI of both tests might be biased because of early clearance of leptospires from the blood of the infected dogs. The SpI for culturing was 100% since none of the samples taken at DPI 0 had a positive culture. The SpI for the PCR was 93.8% because of an unexplained positive result on a single sample collected prior to experimental infection. Mislabeling of samples, a sample switch, or cross-contamination prior to PCR execution present an obvious explanation for this discrepant result. However, original material was not available to confirm this possibility. At DPI 7, the percentage of positive PCRs declined to 56.3% and that of culturing to 37.5%. When results were separated according to the infecting serovar, PCR and culture had a SeI of 100% (CI = 72.2% -100%) and SpI of 87.5% (CI = 69.0% -95.7%) for Canicola and a SeI of 75% (CI = 40.9% -92.9%) and SpI of 90.6% (CI = 75.8% -96.8%) for Copenhageni.
Remarkably, two of the eight dogs infected with Copenhageni yielded a negative culture and PCR in all follow-up samples. An explanation for this observation could be a short survival capacity of Copenhageni in the blood of healthy dogs, since negative blood cultures on DPI 3 have been observed in comparable dog studies elsewhere [27, 28] . The overall sensitivity and specificity of the PCR compared to culture was 88.9% (CI = 67.2 -96.9) and 89.3% (CI = 78.5 -95.5), respectively. However, these data might have lost correlation between culturing and PCR because bacterial loads are strongly reduced at late DPIs. Therefore, we argue that sensitivity and specificity of PCR is better reflected by the data from DPI 0 and 3, i.e. 91.7% (CI = 64.6 -98.5) and 90.0% (CI = 69.9 -97.2), respectively. We refer to these as the veterinary-diagnostic sensitivity and specificity of the PCR. It should be noted that two samples of DPI 3 were positive for culture and negative for PCR (samples 1Co and 8Co) and one sample (6Co) was culture negative and PCR positive. These differences probably have a stochastic cause in samples with a low concentration of leptospires, mostly favoring a positive culture since inoculums of about 500 µl in culture are more likely to contain leptospires than the 10 µl samples used in the PCR [21] . On the other hand, PCR can be positive on DNA from killed bacteria, explaining a positive PCR combined with a negative culture. Thus, culturing and PCR are complementary to some extent (see also Table 1 ) and hence application of both for the diagnosis of early acute canine leptospirosis as well as in vaccine efficacy studies should be considered for obtaining optimal results.
Prospective Study on Canine Samples by PCR and Culture (Study B)
Subsequently, PCR was applied on serum samples from study B collected at DPI 3 and 7 ( Table 2) . DPI 0 was only tested on some samples to confirm expected negative scores. The PCR was positive in 37.5% (15/40) and 10.3% (4/39) of the serum samples collected at DPI 3 and 7, respectively. In concordance, quantitation by PCR revealed a significant reduction in the concentration of leptospires on DPI 7 compared to DPI 3 (data not shown). Culture, which was done on collected Na-EDTA blood, was negative in all samples. Thus, it is not possible to determine sensitivity and specificity of the PCR versus culturing in this test sample. However, Canicola infections in young dogs yielded 4 positive cultures on DPI 4. Hence, these cases can be expected to have contained leptospires also on day 3. When using this subsample on DPI 3, the sensitivity and specificity of PCR compared to culturing is only 50% (CI = 15.0% -85%) and 25% (CI = 4.6% -70.0%), respectively. This discrepancy with the veterinary-diagnostic sensi-tivity and specificity of the test as determined in study A can be explained as follows. In study A, culturing has been done on heparinized blood samples and PCR on corresponding serum samples. In contrast, in study B culturing has been done on EDTA blood samples. Omission of heparinized blood samples was attempted to investigate whether the burden of the experimental animals could be reduced by avoiding unnecessary sampling. However, this experiment showed that EDTA hampers the viability of leptospires in subsequent in vitro culturing. This has been found by others [29] and was further substantiated in a separate experiment in which we found that growth of reference strains was severely affected in EMJH culture medium supplemented by EDTA (data not shown). Hence, we conclude that this study set up does not allow correlating PCR with culturing. To meet with animal welfare as well as optimal test results, future studies will aim at the application of both culture and PCR on full blood or serum as these types of samples are suitable for either test [2, 21] .
Serovar-Associated Susceptibility of Infection in Young versus Adult Dogs
When splitting up the results according to infecting serovar, PCR positivity rates were more similar for each serovar, i.e. for young dogs infected with serovar Copenhageni, the PCR on DPI 3 and 7 was positive in 57.1% (4/7) (CI = 25.1% -84.2%), and 14.3% (1/7) (CI = 2.6% -51.3%) of the samples, respectively. For Canicola infections this was 62.5% (5/8) (CI = 30.6% -86.3%) and 25% (2/8) (CI = 7.2% -59.1%), respectively and for Bananal-Liangguang infections this was 75% (6/8) (CI = 41% -93%) and 12.5% (1/8) (CI = 2.2% -47.1%), respectively. In the category adult dogs, none of the samples were positive by PCR for the tested serovars Copenhageni and Canicola. It is therefore concluded that leptospires persist longer in the blood of young dogs than in adult ones, in concordance with several previous studies [25, 30] .
Investigating Dynamics of Infection by Culturing
Dynamics of leptospires in blood, urine and other body fluids or tissues after natural infection are well addressed in the literature [2, 4] , but surprisingly is scarcely described for experimental infection, notably on dogs [31] [32] [33] . The performance of culturing on EDTA blood samples taken at time points up to DPI 21 and on urine samples collected until DPI 28 as listed in Table 2 enabled us to investigate the short term kinetics of experimental infections in healthy dogs. Although percentages of culture positive samples from blood samples might be underrated because of in vitro growth inhibition by the EDTA, this is not likely to affect the trends of the spirochetemic dynamics. Consistent with PCR results, viable leptospires appeared to remain longer detectable in the blood of young animals than in adult ones. For young dogs, the Copenhageni culture was positive in 5 of 7 samples on DPI 1. However, the other two samples were positive at DPI 2, so we assume that all samples (100%) contained viable leptospires at DPI 1. This was reduced to 57.1% on DPI 2 and was negative from DPI 3 on. Canicola seemed to persist longer in detectable numbers. On DPI 1, cultures were positive in five of eight samples (62.5%), including a sample that became positive on DPI 2. This was four of eight (50%) on DPI 2 and DPI 4 (same samples as on DPI 1) while all samples were culture negative on DPI 3, probably for stochastic reasons explained above, and > DPI 4. None of the Bananal-Liangguang bacteria could be cultured from the blood, suggesting that these are either rapidly killed in the host or have a higher sensitivity to in vitro growth inhibition by EDTA. The latter possibility is more likely as this is consistent with positive PCR results up to DPI 3, suggesting some persistence of viable leptospires in the blood. Moreover, reduction of numbers of pathogenic leptospires by killing in the blood of healthy hosts is unlikely but depends on their virulence [34] . A lower virulence of Bananal-Liangguang in dogs is well possible. While this might explain the rapid clearance of viable Bananal-Liangguang from the blood, early disappearance of serovars Canicola and Copenhageni in the blood indicate other concomitant causes of reducing Leptospira concentrations, such as effective invasion of various organs leading to potentially fatal damage.
In adult animals, culture on EDTA blood samples was positive in 25% (2/8) and 12.5% (1/8) of the samples on DPI 1 and 2, respectively for Copenhageni, and 33.3% (3/9) and 22.2% (2/9), respectively for Canicola. Positive cultures on DPI 2 were also positive for DPI 1. All EDTA blood samples from adult dogs were negative from DPI 3 on.
Urine culture results in part complemented those of blood cultures. Plotting the positivity rates revealed a remarkable trend (Figure 1) . Irrespective the group of dogs and the infecting serovar, all culture results showed a biphasic character (Figure 1) . Colonization of the urinary tract is not expected to occur within the first week after infection. Hence the first peak is probably due to leakage or, more probably, early migration of leptospires from the glomeruli into the urinary tract [31, 33] , while the second peak reflects the interstitial migration of leptospires into the tubules and subsequent adherence of leptospires in the lumen of the kidneys [31, 32, 35] . The lowest point of the curves was found between DPI 7 and 14. This dip was significant at DPI 7 for infections of adult dogs with Icterohaemorrhagiae (p = 0.041) and presents a trend in the other cases.
We argue that the unavailability of samples collected between these two time points did not allow a more accurate determination of the actual dips in the various curves, which might very well be similar both in magnitude and in time [27] . Adherence of the leptospires in the lumen will lead to immobilization and hence a transient reduction of their shedding with the urine, thus explaining the decreasing number of positive urine samples collected at DPI 28 [31] [32] [33] .
Fine tuning of the effects of the kidney colonization by the distinct serovars and their eventual intermittent shedding would need a much longer follow up of urine samples, which was beyond the scope of this paper. Instead, for assessment of the colonization culturing from kidney tissue at DPI 28 was performed. Results should be considered with some caution because early patchy colonization affecting the load of leptospires in the inoculums and cell lysis affecting the viability of leptospires may hamper the quantification of colonized kidneys through the number of positive cultured samples.
Even when taking this into account, the percentage of Canicola positive cultures was markedly higher than that of Copenhageni, while Bananal-Liangguang infections yielded 0% positive cultures (Figure 2) . This probably reflects the higher adaptive power of Canicola to dogs that act as its maintenance host compared to the other serovars [13] . This is best illustrated by infections with Bananal-Liangguang. While kidney cultures were all negative, almost half of the urine cultures were positive up to DPI 28 ( Table 2) , suggesting the presence of the leptospires in the urinary tract without adherence to the renal epithelial cells.
The results obtained by culturing from urine samples, clearly confirmed that the experimental infections in both study A and B were successful. In study B, EDTA hampered interpretation of bacteraemia, but yet it can be concluded that experimental infection was valid, since the majority of the dogs had renal infection as shown by urinary shedding from DPI 14 onwards. It was shown that PCR is a valuable adjunct to culturing for following experimental infections and presents a novel useful tool for the diagnosis of leptospirosis in dogs and probably in other susceptible domestic and farm animals.
